Neutral sugar, free amino acid, and anthocyanin levels and vacuole/ extravacuole distribution were determined for Hippeastum and Tulipa petal and Tudipa leaf protoplasts. Glucose and fructose, the predominant neutral monosaccharides observed, were Histochemical and kinetic (pulse-chase-type) analyses have been the principal means for studying the distribution of metabolites between the vacuolar sap and cytosol. Direct analysis of these compartments is now possible following the isolation from protoplasts of intact vacuoles and a fraction enriched in cytosol or by quantitatively comparing the contents of vacuoles and entire protoplasts (3, 4, 9, 12, 15, 21, 27 and Hippeastrum from Jackson & Perkins Co. Tulip bulbs were rooted at 9 C then held at 0.6 C as long as 10 months before induction of vegetative and floral growth at 22 C. In this way flowers and leaves were made available for 10 months of the year.
Loalization of compounds in intracellular compartments is crucial for understanding biochemical processing. In mature plant cells the two major fluid compartments-with respect to volumeare the vacuolar sap (cell sap) and the cytosol. Other fluid compartments include the saps of organelles such as chloroplasts and mitochondria etc. and perhaps specialized regions of membrane systems such as the ER.
Histochemical and kinetic (pulse-chase-type) analyses have been the principal means for studying the distribution of metabolites between the vacuolar sap and cytosol. Direct analysis of these compartments is now possible following the isolation from protoplasts of intact vacuoles and a fraction enriched in cytosol or by quantitatively comparing the contents of vacuoles and entire protoplasts (3, 4, 9, 12, 15, 21, 27) .
This work describes the qualitative and quantitative characterization and vacuole/extravacuole distribution of neutral sugars and free amino acids in pigmented Hippeastrum and Tulipa petal and Tulipa leaf protoplasts. Quantitative determination and vacuole/extravacuole distribution of anthocyanin in petal protoplasts and preliminary qualitative characterization of organic acids from petal tissue and vacuoles of Hippeastrum are also reported. Data are provided in support of the contention that vacuoles isolated by gentle osmotic shock of protoplasts in dibasic phosphate buffer are relatively free from contamination and retain their contents and are thus suitable for direct subcellular localization studies. A preliminary report describing parts of this work has appeared elsewhere (25) .
MATERIALS AND METHODS
Plants were grown under greenhouse conditions at approximately 22 Hippeastrum flowers were made available year round. For this plant, postflowering vegetative growth (3 months) was terminated by drying the bulbs followed by vernalization for a minimum of 6 weeks at 1.1 C. In this way lots of bulbs were made to flower on schedule twice a year.
Protoplasts and vacuoles were prepared and washed as previously described (4, 26) except that digestion of tissues was for 10 to 12 h at 18 C unless otherwise specified and protoplasts were washed twice with 40 ml of 0.7 M mannitol, 10 to 25 mm Na-citrate (pH 5.5). Cellulysin (Calbiochem) was purified by centrifugation of a 20 g/70 ml solution at 5,000g for 5 min followed by passage of the supernatant through a Sephadex G-25 coarse column (75 x 4.5 cm) equilibrated with and eluted with 1 mm NaCl. Sugar Analysis. Approximately 104 protoplasts were counted in a 0.2-mm-deep well-type slide and homogenized in 5 ml of 0.3 M mannitol, 10 mm Na-citrate (pH 5.5) using a glass tissue homogenizer. An equal number of vacuoles were lysed by dilution with 1 ml of H20. Samples were passed through columns (0.9 x 20 cm) Leaf vacuoles were separated from contaminating chloroplasts using a modification of the procedure previously described for simultaneous recovery of vacuoles and chloroplasts (ref. 26 , see footnote 7). After release of vacuoles, the suspension in dibasic phosphate buffer was centrifuged at 5OOg for 3 min and the supernatant made 17% (w/v) with sucrose. Twenty ml of this mixture was overlayered with 10 ml of 15% (w/v) sucrose made 20 mm with Hepes-NaOH (pH 8.0), and was centrifuged, with slow acceleration, at 5,000g for 10 min at 20 C. Purified vacuoles were recovered from the top 1 ml of the 15% zone, enriched cytosol was retained in the 17% zone, and residual chloroplasts were sedimented. Addition of D-[U-'4CJglucose or '°CdCl2 to the 17% zone prior to centrifugation resulted in a purified vacuole fraction containing 0.075% of the added label, indicating that cytosol was removed from vacuoles during flotation. Underlayering the 17% zone with zones of 40 and 50%1o sucrose (w/w), 10 mm Hepes-NaOH (pH 8.0), 10 miM MgCl2, 1 mim DTT resulted in the simultaneous recovery of class I chloroplasts at the 40/50%o interface when vacuoles were released in 0.2 M Na4P207-HCI (pH 8.0) (see ref. 26 ).
RESULTS
The content and vacuole/extravacuole distribution of neutral sugars in pigmented Hippeastrum and pigmented Tulipa petal and Tulipa leaf protoplasts were investigated by quantitative comparison of protoplast and isolated vacuolar contents. Enzymic (Glucostat), colorimetric assay liquid and paper chromatographic analyses indicated that glucose and fructose were the primary constituents and were principally localized in the vacuole (Table I) . Millimolar concentrations of vacuolar glucose were 29, 159, and 150 for Hippeastrum, Tulipa petal, and Tulipa leaf protoplasts, respectively (Table II) . It should be noted that protoplasts and isolated vacuoles are derived from leaves previously plasmolyzed and thus the cellular concentrations in vivo (if protoplast and in vivo levels are the same) are lower than those computed (estimated factor -0.7). Calculations were made using volumes determined from average values for diameters given in the legend of Table II . Vacuolar diameters were estimated for petal protoplasts using anthocyanin as a vacuolar marker and for leaf protoplasts after equilibration with neutral red. Calculations indicated that vacuoles occupy approximately 70 to 80%o of protoplast volumes (Table  II) . Sucrose was detected in all three tissues and except for Tulipa leaf protoplasts, it is approximately 40% vacuolar. In protoplasts glucose and fructose combined accounted for 63 to 74% of the total reducing neutral sugar and reducing sugar plus sucrose accounted for 89 to 91% of the total neutral sugar (Table I) . Data represent the mean values of three experiments, and variation was on the order of 10 to 15%. Only the small amounts of xylose and galactose were observed by means of paper chromatography.
Several major unknowns which were observed on paper chromatograms of Tulipa petal fractions were not characterized. The content and vacuole/extravacuole distribution of free amino acids 64, 1979 in Hippeastrum petal, Tulipa petal and leaf protoplasts are given were observed for Hippeastrum protoplasts and vacuoles obtained in Table III . Free amino acids were substantially lower in concen-after digestion with 4% Cellulysin, 0.6 M mannitol at 34 C for 4 h. tration than neutral sugars (see Table I for comparison). Qualita-To verify the presence of glutamine and asparagine, samples of tively and quantitatively similar results to those given in Table II Hippeastrum and Tulipa petal protoplast and vacuole lysates were   Table II ultrafiltered using an Amicon UM-5 membrane (500 mol wt cutoff) to remove protein and large peptides and the fitrates hydrolyzed in 3 N HCI for 22 h at 100 C. Analysis of hydrolysates revealed a stoichiometric conversion of glutamine to glutamate and an 80o conversion of asparagine to aspartic acid. The compound observed in Tulipa fractions labeled UNK IV (Table III) has been identified as y-methyleneglutamate by co-chromatography with known substance. Unknown IV and authentic y-methyleneglutamate were equally insensitive to hydrolysis.
Preliminary qualitative characterization of organic acids of Hippeastrum petal extracts and vacuoles by paper chromatography indicated the presence of oxalic, citric, malic, and isocitric acids in both vacuoles and petal extracts.
Various markers were employed to assess the extent of contamination of unwashed and washed vacuoles with other cell organelles. Particulate materials and enriched cytosol fractions recovered during vacuole isolation were also assayed (Table IV) . Similar results were obtained for pigmented Hippeastrum petal protoplasts (not shown). Approximately 70 to 90%o of the mitochondrial (Cyt oxidase) and microsomal (NADH Cyt c reductaserotenone and Antimycin A-insensitive) material was associated with the particulate material in all tissues. Less than 1% of these activities were associated with unwashed vacuoles. Hippeastrum and Tulipa preparations retained approximately 3% of the total nucleic acids in unwashed vacuole preparations and 1% in washed vacuole preparations. RNA was distributed as follows: 27% particulate cytoplasm, 700%o enriched cytosol, and 3% unwashed vacuole; and DNA: 70o particulate cytoplasm, 27% enriched cytosol, and 3% unwashed vacuole. Approximately 300 pmol of RNA and 70 pmol of DNA was found per protoplast for both tissues.
Tulipa leaf cells contain a substantial number of relatively small chloroplasts (5-,um length) about 5% of which sediment with unwashed vacuoles (Table IV) . Purification of vacuoles reduces this to less than 0.5%. Light micrographs (phase contrast) of unwashed and purified Tulipa leaf vacuoles are shown in Figure  1 . The difference in appearance of vacuoles is due to the presence of sucrose in purified vacuole suspensions. The retention of integrity ofvacuoles after isolation was assessed by comparing the pigment content of isolated vacuoles with protoplasts. In six experiments using Tulipa petal protoplasts 111 to 82% of the anthocyanin per 106 protoplasts was recovered in 106 vacuoles. With Hippeastrum petal protoplasts 108 to 92% recovery was observed in four experiments using approximately 106 protoplasts and vacuoles. The anthocyanin concentration of vacuoles of both tissues was calculated to be about 7.5 mM.
DISCUSSION
The vacuolar saps of algae and terrestrial plants have a highly variable composition (11, 24) . Substances commonly found in vacuoles of land plants include mineral salts, organic acids, amino acids, proteins, peptides, sugars, nucleic acids, alkaloids, tannins, and glycosides. Some of these have widespread distribution while others show high taxonomic specificity (24 64, 1979 olar and cytosol contents were histochemical and kinetic analyses.
The difficulties and shortcomings of these methods have been discussed (10, 16) . A third and direct approach involving the examination of protoplasts and vacuoles has been used here to study the vacuolar and extravacuolar content of neutral sugars, free amino acids, and anthocyanin in enzymically isolated protoplasts. Possible shortcomings of this approach are discussed below. Glucose was observed to be the predominant neutral monosaccharide of vacuoles and protoplasts of Hippeastrum petals and Tulipa petals and leaves (Table I) . Hippeastrum petal protoplasts have an equivalent amount of fructose, while tulip tissues contain less of this sugar. In all tissues most of the glucose and fructose were contained in the vacuole (Table I) , and calculated concentrations for vacuolar glucose were approximately 30 mm for Hippeastrum petal and approximately 150 mm for Tulipa tissues (Table   II) . There is evidence to suggest that in sink tissues the vacuole serves as a reservoir of hexose derived from sucrose hydrolysis (7) . Sucrose was present in lesser amounts except in tulip leaf protoplasts and was observed to be about equally distributed between the vacuole and extravacuolar space in petals and to be primarily vacuolar in Tulipa leave protoplasts. Outlaw et al. (17) have obtained data that are consistent with a vacuolar sucrose pool in Viciafaba leaves. The vacuole is reported to be the site of stored sucrose in castor bean endosperm (15) . Glucose, fructose, and sucrose were the most abundant neutral sugars in protoplasts and also tissue extracts of the tissues studied.
Glutamine (800 ± 70 fm/Hippeastrum protoplast) was the most abundant free amino acid in Hippeastrum petal and Tulipa petal and leaf protoplasts (Table II) . It was primarily extravacuolar in all tissues, consistent with its formation in the cytosol (14) . Calculated glutamine concentrations in Hippeastrum cytosol and vacuole are 4.4 and 0.44 mm, respectively (data computed using volume factors given in legend of Table II ). Serine and, in Tulipa tissues y-methyleneglutamate (28) were the next most abundant free amino acids. They both showed a distribution in petals different from that in leaves. Arginine, threonine, asparagine, and alanine were also present in relatively large amounts. Wiemken and Dunf (23) Protoplasts isolated by digestion of Hippeastrum petals with 4% Cellulysin, 0.55 M mannitol at 34 C for 4 h and those isolated by digestion for 12 to 20 h at room temperature had similar amino acid contents. Epidermal peels (consisting primarily of pigmented cells) of Tulipa petals prepared and washed with water to disrupt pigmented cells (anthocyanin leached). Analysis of the wash for free amino acid gave similar results to those obtained for pigmented protoplasts of this tissue. A relatively constant ratio of protoplast to peel extract amino acid was obtained for all amino acids except that peel extracts contained more glutamine, glutamate, and y-methyleneglutamate and less threonine and leucine than did protoplast extracts. The incorporation of the protease inhibitors a-toluene-sulfonyl fluoride (250 i,g/ml phenylmethylsulfonyl fluoride) and 1 mm N-ethylmaleimide into all solutions used for protoplast and vacuole preparation did not substantially alter free amino acid levels. Also, changes were not observed after storage of samples for several months at -20 C. These data suggest that results obtained are not grossly different from tissue levels of free amino acid and that no release of amino acid due to proteolytic degradation occurs after protoplast and vacuole preparation.
Variation in data is thought to be primarily due to physiological factors not entirely under control, inaccuracies in counting, and difficulties in selecting tissues in the same stage of development. Protoplasts prepared from petals of late tulip buds showed generally lower levels of free amino acids than more mature tissues and also contained high levels of three unknowns which elute just prior to threonine. An elevated level of proline presumed to be associated with osmotic stress induced during protoplast formation (18) was perhaps observed in Tulipa leaf protoplasts but was not evident in Tulipa petal protoplasts.
To assess the level of contamination of vacuoles with other organelles, unwashed vacuoles obtained by sedimentation from phosphate buffer were analyzed for several markers (Table IV) . The levels of Cyt oxidase (mitochondria), and rotenone and Antimycin A-insensitive NADH Cyt c reductase (primarily associated with ER but also with outer mitochondrial membrane and possible nuclear membrane) were found to be below 1% in unwashed vacuoles. These activities were generally undetected in washed vacuole preparations. NADH Cyt c reductase has not been found to be associated with crude tonoplast or gradient purified tonoplast prepared from Hippeastrum petals (in preparation). NADPH Cyt c reductase was rarely detected in tissue extracts, protoplasts, or protoplast fractions of the tissues studied.
When low activity was observed it was associated with the particulate fraction. In Hippeastrum, DNA and RNA levels in unwashed and washed vacuoles were 3% and 1% of those obtained in protoplast lysates. Pigmented petal cells are relatively free of chloroplasts and thus chloroplasts pose no contamination problem. However, petal vacuole preparations do contain small amounts of starch (Hippeastrum) and chromoplast materials (Tulipa). With Tulipa leaves, a large number of small chloroplasts results in contamination of crude vacuole pellets with chloroplasts.
This level is reduced to 0.5% or less by floating vacuoles free from chloroplasts and cytosol (see under "Materials and Methods"). A similar approach has proved useful for recovering pea, lettuce, tobacco, barley, and corn leaf vacuoles (Wagner, unpublished).
The lack ofcytosol contamination of washed vacuoles is evidenced by the absence of three enzymes associated with flavonoid biosynthesis which are readily demonstrated in enriched cytosol from the tissues studied (9) .
Vacuoles isolated from Tulipa and Hippeastrum petals are shown to contain all or essentially all of their anthocyanin pigment (this work) and to have the same ion content as the protoplasts from which they are derived (12) despite their exposure to large volumes of solution lacking these substances during isolation and washing. In addition they are observed to retain amino acids, organic acids, and large amounts of neutral sugars. The concentration of anthocyanin determined for Tulipa petal vacuoles (about 7.5 mM) is comparable to that estimated from petals of Ipomoea tricolor (2) and rose (S. Asen, personal communication). These results provide assurance that vacuoles retain their contents during isolation as described. The only apparent difference between isolated vacuoles and vacuoles in vivo is the increase in internal pH which occurs on isolation in phosphate buffer (12) . A similar increase has been observed in petal vacuoles isolated in a solution consisting of 3.5% Ficoll, 25 mM Hepes-NaOH (pH 8.0). This increase is not due to the uptake of phosphate as evidenced by a lack of 32p04 uptake during vacuole release in K2HPO4 containing H332P04. It is highly likely that the rise in intemal pH is due to an electroneutral K+/ H+ exchange such as that observed in studies of isolated animal lysosomes (19) . A Donnan phenomenon may mediate this pH change (organic acid as fixed internal anion) and also be responsible for the stability of vacuoles in 0.2 M K2HPO4 (475 milliosmolar) and weakly buffered 0.175 M NaCl (325 milliosmolar).
Vacuoles burst in buffered 400 milliosmolar mannitol. In plant tissues, K+/H+ exchange followed by vacuolar accumulation of K+ and organic anion synthesis is well known (13) .
Protoplasts and vacuoles can be used for determining vacuolar and cytosol contents directly but several difficulties with this approach are becoming apparent. These include difficulties in quantitation where fragile vacuoles of varying size and number are produced from protoplasts and possible alteration of in situ cellular states as a result of mechanical disruption, plasmolysis and enzyme digestion during protoplast preparation (6, 18) . The possibility that protoplasts may take up substances from the isolation medium has not been adequately studied.
The tissues studied provide useful material for examining the distribution of metabolites which are contained in both the cytosol and vacuole because vacuoles which have good purity and retain contents can be rapidly prepared (10 min) from protoplasts in high yields (70%o Tulipa petals, 25% Tulipa leaves, and 15-20%o Hippeastrum petals).
